The present work details the three-dimensional numerical simulation of single-phase and two-phase flow (air-water) in a venturi scrubber with an inlet and throat diameters of 250 and 122.5 mm, respectively. The dimensions and operating parameters correspond to industrial applications. The mass flow rate conditions were 0.483 kg/s, 0.736 kg/s, 0.861 kg/s, and 0.987 kg/s for the gas only simulation; the mass flow rate for the liquid was 0.013 kg/s and 0.038 kg/s. The gas flow was simulated in five geometries with different converging and diverging angles while the two-phase flow was only simulated for one geometry. The results obtained were validated with experimental data obtained by other researchers. The results show that the pressure drop depends significantly on the gas flow rate and that water flow rate does not have significant effects neither on the pressure drop nor on the fluid maximum velocity within the scrubber.
Introduction
The stricter environmental laws enforced nowadays require developing more efficient techniques and devices to remove diluted particles from gas flows [1] . Current alternatives to control particle emission sources are limited, especially regarding the prevention of particle generation which is normally based on combustible substitution.
The most common applied strategy to reduce particle emission and/or improve particle collection efficiency is either process modification or its optimization [2] .
In many industries, fine particles' presence is a source of concern because they represent risks for some industrial processes as well as human health. In textile industry particularly, the presence of fiber dust is a real health hazard for textile workers. Besides fiber dust, lubricant oil fogs are a real problem in textile industry because they contribute to obstruct filtering systems.
Therefore, the use of wet scrubbers is a valid alternative to dry filters or cyclones, which are almost always the first option for particle removal [3] . Collection efficiency for wet scrubbers varies according to particle size distribution carried by a gas stream. In general, the collection efficiency of scrubbers decreases when particle size decreases [4] .
Due to it, to obtain higher collection efficiency, it is necessary to increase power consumption. To reach a determined efficiency, power required increases as particle diameter decreases [5] .
One of the most efficient wet particle collectors is the venturi scrubber [6] . This device has an atomization system and uses impaction interception and diffusion mechanisms to control particle and gas pollutant emissions to atmosphere [1] . Venturi scrubbers have been used for more than 50 years to collect particles [7] . They are mainly used in industrial plants to remove particles from gas streams and have been widely studied to understand their operation and model their performance [3] .
This type of scrubber advantages are high collection efficiency for relatively small particles, low investment costs, dimensions, and the capacity of managing humid and corrosive gases. Operation costs are their main disadvantage because the high pressure drop produced by their operation is directly translated in higher power consumption [8] .
For a successful design of a venturi scrubber it is necessary to consider particle collection efficiency and pressure drop [1] .
Venturi scrubbers have a convergent section, a narrow zone known as throat, and a divergent section. Gas velocity and turbulence are increased by the convergent section [1] .
Although this kind of separators has been used in many industries and applications, and its operation has been studied along many years, its usefulness justifies the need of continuing studying its operation parameters, particle removal efficiency, and pressure drop. Recently, nuclear power plant applications of these devices have been explored theoretically and experimentally for iodine removal [9] . The capture of contaminated particles from a nuclear power plant using a venturi scrubber was also studied experimentally and a capture efficiency model was proposed [10] , and a CFD simulation of particle removal efficiency that shows good agreement with experimental results has also been reported [11] .
A novel design of venturi scrubbers was proposed to improve a desulphurization process using shuttle-shape bodies inside a rectangular duct that would be equivalent to several venturi scrubbers working in a parallel arrangement that improved dust collection and the desulphurization process [12] .
The objective of this work is to analyze using computational fluid dynamics (CFD) the gas flow behavior within a venturi scrubber varying convergence and divergence angles as well as evaluate the effects of water flow on the pressure drop in a venturi scrubber.
Materials and Methods
A 3-dimensional geometry of a venturi scrubber was created to reproduce this device section of the experimental setup reported by Silva et al. [3] . This was carried out with the objective of validating numerical results. The computational domain was meshed using a 606500 elements grid [13] . The different section lengths of the studied scrubber ( 0 , designated v175 geometry because it has a convergence angle of 17 ∘ and a divergence angle of 5 ∘ . Numerical simulation of the flow was performed using software Fluent 12.1. The fluid used was air behaving as an incompressible gas. Steady state and three-dimensional domain conditions were stated. Mass flow rate inlet conditions from 0.483 kg/s to 0.987 kg/s were used. The mass conservation equation for the gas is shown as
Gas properties were applied for standard conditions (1 atm and 288.16 K). Turbulent flow was considered since Reynolds numbers calculated at venturi's inlet were from 1.37 × 10 5 to 2.81 × 10 5 . Spalart-Allmaras turbulence model was used. No heat transfer existing between the gas and venturi's walls was assumed. Figure 2 shows the v17530 geometry. This scrubber has the same converging and diverging angles as the v175 geometry. However, its length and diameters were increased 30% with respect to v175 scrubber in order to keep the same angle values. Its dimensions are shown in Table 2 .
Furthermore, other configurations were established changing the converging and diverging angles to analyze their effects on pressure drop and gas velocity. Figure 3 shows venturi v517. It has a converging angle of 5 ∘ and a diverging angle of 17 ∘ . Geometry dimensions are shown in Table 3 . Figure 5 shows geometry v55, which has the same converging and diverging angle (5 ∘ ). Geometry details for this configuration are presented in Table 5 . See also Figure 4 for geometry v1717 and its details in Table 4 .
Numerical simulation results were initially validated using experimental data obtained by Silva et al. [3] . Figure 6 shows the location of the pressure taps along the venturi for the experimental work. For presented numerical results pressures are reported at the same location.
Results and Discussion
Geometry v175 is the scrubber whose behavior was first simulated. Its dimensions are exactly the same as the ones reported by Silva et al. [3] in their reported experimental setup. Figure 7 shows the experimental data and the numerical results for four air mass flow rate conditions (0.483 kg/s, 0.736 kg/s, 0.861 kg/s, and 0.987 kg/s). Numerical simulation using the alternative geometry configurations was performed as well to try to elucidate the effect of converging and diverging angles changes. Figure 8 shows manometric pressure distribution along pressure taps for a mass flow of 0.736 kg/s. Figures 9 and 10 show velocity contours at different cross-sections along the venturi for the same mass flow rate; velocity contours are reported in m/s.
In this work continuity residuals reached values of 1 × 10 −4 , meanwhile velocity residuals reached values of 1 × 10 −7 . A converged simulation was considered when residuals reached the aforementioned criteria and complied with mass conservation.
It can be observed in Figure 7 that both numerical and experimental data have similar trends. In both cases it is being observed that an increase in the gas flow rate increases pressure drop. There is a pressure drop in the converging section that is due to gas acceleration. In the throat section, pressure drop is only produced by friction. The largest part of this pressure drop (up to 70%) is recovered in the diverging section. Therefore, nonrecovered energy is lost due to the friction between the gas and the wall.
From numerical results it was observed that maximum velocity values were not affected when converging and diverging angles were changed. However, angle modification does have significant effects on pressure values. Figure 8 it is observed that all tested geometries have the same behavior, and the lowest manometric pressure value, at the end of the throat section no matter the diverging angle. Furthermore, geometries with the same diverging angle present very similar pressure values; therefore, it can be said that diverging angle values have a stronger effect on the scrubber pressure behavior than converging angle values.
Also in
Velocity contours agree with other researchers results [14] . As it was expected, contours show that fluid velocity increases as fluid passes through converging section reaching its maximum value at the throat section. Once the gas flows out the throat section, velocity decreases while the fluid passes through the diverging section of the venturi. Table 6 shows the total pressure drop for every geometry configuration for a mass flow rate of 0.736 kg/s ( 1-7) and the pressure drop in the throat section ( 2-3). As previously mentioned, the diverging angle has a very significant effect on pressure values and total pressure drop. Geometry configurations with the same values of diverging angle have similar total pressure drop values. It is also observed that increasing the length of different sections and diameter values by 30% decreases the pressure drop value by 65.5%. It can also be observed that when the diverging angle increases, so does the total pressure drop. The largest total pressure drop (1013.97 Pa) was obtained with the v517 geometry. However, only 21.12% of this pressure drop takes place within the throat section.
Although geometry v55 has the lowest total pressure drop (512.7 Pa), the throat section pressure drop represents 36.67% of the total one. Therefore, 63.33% of the total pressure drop value takes place within the converging and diverging sections.
It is desirable to have the largest possible pressure drop within the throat section and, at the same time, have the lowest possible total pressure drop because it is at the throat section where phase-mixing takes place. Taking this into consideration, the best behavior is found in geometry v175 because its throat section pressure drop represents 42.31% of the total. values (0.013 kg/s and 0.038 kg/s) were simulated for the v175 geometry ( Figure 11 ). Liquid phase was introduced within the scrubber 5 cm upstream the converging section using four equidistant pipes placed at 90 ∘ with respect to scrubber inlet pipe surface. The obtained data were compared to experimental data reported by Silva el al. [3] . The numerical results obtained using the same mass flow rate values for gas and liquid used experimentally are shown in Figure 12 .
Both figures show that numerical results have a trend similar to experimental ones. The same can be observed in Figures 13 and 14 where experimental and numerical results are presented respectively for a water mass flow rate of 0.038 kg/s. Figure 15 shows cross-section velocity contours for an air mass flow rate of 0.736 kg/s and a water mass flow rate 0.013 kg/s (geometry v175). Meanwhile, Figure 16 shows cross-section velocity contours for an air mass flow rate of 0.736 kg/s and a water mass flow rate 0.038 kg/s for the same geometry. When comparing both figures to Figure 9 (same geometry and air mass flow rate), it can be observed that for the three cases the maximum velocity value is found within the throat section and that water presence does not produce changes on the maximum velocity values. However, velocity distributions in the diverging section are modified.
Conclusions
Pressure drop data for a venturi scrubber obtained from a numerical simulation are presented. The effect of gas velocity for four different air mass flow rate values (0.483 kg/s, 0.736 kg/s, 0.861 kg/s, and 0.987 kg/s) and five geometries were analyzed. Numerical results are in good agreement with experimental ones. The largest pressure drop was obtained with the largest mass flow rate. However, pressure drop does not increase proportionally to mass flow rate increase.
The first run tried to reproduce numerically the experimental results obtained by Silva et al. [3] where a maximum error value of 10.7% was obtained. This was calculated at 3 since it is a point where major velocity changes took place. When geometry dimensions were increased by 30%, maintaining the same converging and diverging angles the velocity at the throat section decreased by 40.9% and pressure drop decreased by 65.5%.
When converging and/or diverging angles were changed there were not significant modifications on maximum velocity values within the venturi. However, these changes do have significant effects on pressure values. It was observed that geometries with the same diverging angles have very similar total pressure drop values. This is due to the energy recovery that takes place at the diverging section. The variation of converging angles does not seem to have an effect neither on the velocity values nor on the pressure drop. Furthermore, when liquid was introduced to the computational domain, it was found that the liquid mass flow rate does not affect the total pressure drop.
